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Although the precise intracellular roles of S100 proteins are not fully understood, these proteins are
thought tobe involved inCa2+-dependentdiverse signal transductionpathways. In this report,we iden-
tiﬁed importin a as a novel target of S100A6. Importina contains armadillo repeats, essential for bind-
ing to nuclear localization signals. Based on the results from GST pull-down assay, gel-shift assay, and
co-immunoprecipitation, we demonstrated that S100A6 speciﬁcally interacts with the armadillo
repeats of importin a in a Ca2+-dependent manner, resulting in inhibition of the nuclear localization
signal (NLS)-importina complex formation in vitro and in vivo. These results indicate S100A6may reg-
ulate thenuclear transportofNLS-cargos in response to increasingconcentrationsof intracellularCa2+.
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The S100 protein family is composed at least 25 members that
share a common calcium binding EF-hand motif with a molecular
weight of 10–12 kDa. They demonstrate 25–65% amino-acid se-
quence homology. Unlike calmodulin (CaM), the expression pat-
tern of the S100 family exhibits a remarkable degree of cell and
tissue-speciﬁcity. The S100 proteins are implicated in various
intracellular functions including regulation of cell motility, protein
phosphorylation, calcium homeostasis, and tumor progression or
suppression [1,2]. However, the precise intracellular roles of the
S100 proteins are not fully understood since the target proteins
of individual S100 proteins have not been completely identiﬁed.
Therefore, identiﬁcation of the S100 target proteins is essential
for elucidating the biological functions of S100 proteins.
Recently, we demonstrated that S100A2 and S100A6 interacted
with the tetratricopeptide repeat (TPR) domains of Hsp70/Hsp90-
organizing protein (Hop), kinsein light chain (KLC) and translocase
of outer mitochondrial membrane (Tom)70 in a Ca2+-dependent
manner, leading to dissociation of the Hsp90-Hop-Hsp70,
KLC-c-Jun N-terminal kinase-interacting protein-1 (JIP-1) and
Tom70-Hsps interactions in vitro and in vivo [3]. We also demon-
strated that S100A1 and S100A2 bound to Cyclophilin 40 (Cyp40)
and FKBP52, which contain a TPR domain, in the presence of Ca2+
and led to inhibition of the Cyp40-Hsp90 and FKBP52-Hsp90 inter-
actions [4]. TPR, degenerate 34-amino acid helix-turn-helix
sequences, is a structural module that able to interact with speciﬁc
partner proteins. This property enables TPR-bearing proteins towork
as scaffold proteins and allows them to be involved in a variety of cel-
lular functions [5,6]. These evidences have prompted us to hypothe-
size that S100 proteins are Ca2+-dependent regulators for the speciﬁc
interactions between TPR-proteins and their partner proteins.
TPR repeats belong to the family of helical-repeat folds, fre-
quently with a length between 20–40 residues, including armadillo
(Arm), HEAT motifs, and leucine-rich variant motifs [7]. Such pro-
tein repeats possess secondary structures and form multi-repeat
assemblies in three dimensions with diverse sizes and functions.
Arm, HEAT and TPR repeats are a group of open structures formed
by the assembly of repeats composed of two anti-parallel helices.
Jinek et al. reported that the superhelical TPR domain of O-linked
GlcNAc transferase (OGT) exhibits structural similarities to the
Arm repeat domain of importin a [8]. Based on these evidences,
we hypothesized that some S100 proteins might interact with
Arm-bearing proteins such as importin a.
The best understood function of importina is to serve as an adap-
tor that links NLS-cargos to importin b, which in turn docks the ter-
nary complex at the nuclear pore complex and facilitates its
translocation into the nucleus. Importin a is composed of an N-
terminal importin b binding (IBB) domain and a highly structured
domain comprised of ten Arm repeats. The Arm repeats assemble
into a twisted slug-like structure, whose belly serves as the NLS-
bindinggroove [9–11].NLS-cargosare classiﬁed into twotypes: clas-
sical monopartite NLSs having a single cluster of basic amino acid
residues such as SV40 large T antigen (PKKRKV); and bipartite NLSs
having two clusters of amino acids separated by a 10–12 amino acid
linker such as nucleoplasmin (NPM2; KRPAATKKGQAKKKK). In this
paper, we have examined potential roles of the S100 proteins in reg-
ulationof theNLS-importina complex formation in vitro and invivo.2. Materials and methods
2.1. Plasmids
Wild type (WT) Human importin a (RchI) and importin b were
prepared by polymerase chain reaction (PCR) from a human fetalbrain cDNA library and cloned into the Escherichia coli expression
plasmid vectors, pGEX-6P-1 (GE Healthcare) and pRSETa (Invitro-
gen). The truncated constructs of GST-importin a [aa 1–105
(IBB), aa 56–529 (DIBB), aa 170–529 (Arm)] were ampliﬁed by
PCR and subcloned into pGEX-6P-1. Importin a point mutants
were generated as previously described [3,12]. The single point
mutations generated were: W142A, N146A, W184A, N188A,
W231A, N235A, W357A, N361A, W399A and N403A. PCR products
were then inserted at the BamHI/XhoI sites of pGEX-6P-1. NPM2
was prepared by PCR from a Xenopus cDNA library and cloned into
pRSETa. Nucleophosmin (NPM1) was provided by Addgene (plas-
mid 17578) and subcloned into pRSETa. The SV40 NLS-GFP was
cloned into a pRSETb vector with the coding sequence for the
N-terminal 6  His tag followed by the SV40NLS sequence
(QQMGRFSEFESPKKKRKVE), a 19-residue linker, and ﬁnally GFP
as previously described [13]. The insert was also subcloned into
pcDNA3 mammalian expression vector. The plasmids for
pET11a-S100 proteins were previously reported [14]. S100A2 and
S100A6 were ampliﬁed by PCR from a pET11a-S100A2 and
pET11a-S100A6 template and subcloned into pME18S. The
sequence integrity of the all inserts was conﬁrmed by automated
sequence analysis (Applied Biosystems).
2.2. Expression and puriﬁcation of recombinant proteins
All recombinant S100 proteins (S100B, A1, A2, A4, A6, A10,
A11, A12 and A13) were expressed without tags and prepared
as described previously [14]. The GST-fusion proteins were ex-
pressed using Rosetta™2 (Novagen) and puriﬁed by afﬁnity chro-
matography on glutathione-Sepharose beads (Amersham
Biosciences) according to the manufacturer’s instructions. In some
experiments, tag-free importin a was eluted from the beads with
PreScission protease cleavage. Brieﬂy, GST-importin a was incu-
bated with glutathione-Sepharose beads for 16 h at 4 C in a buf-
fer of 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, 0.2 mM PMSF and PreScission protease (Amersham Biosci-
ences). The 6  His-tagged proteins were expressed in E. coli
BL21 (DE3) and puriﬁed according to the manufacturer’s
instructions.
2.3. GST pull-down assay
The Ca2+-binding proteins (S100 proteins or CaM, 25 lg each)
and GST-importin a proteins (25 lg each) were mixed in buffer
A (20 mM Tris-HCl pH 7.5, 0.1 M KCl and 0.02% Tween20) with
1 mM CaCl2 or EGTA. To investigate the effects of S100 proteins
on the interaction between importin a and ligand proteins,
GST-importin a (25 lg), the ligand proteins (25 lg NPM1, 15 lg
NPM2, 50 lg His-SV40NLS-GFP) and S100 proteins (0–100 lg)
were mixed in buffer A with 1 mM CaCl2. To further characterize
the binding sites of S100 proteins on importin a, the NA and WA
mutants (25 lg each) were mixed with S100 proteins (25 lg
each) or NLS-bearing proteins (15 lg NPM2 or 50 lg His-
SV40NLS-GFP) as described above. The reaction mixtures
(250 ll) were incubated with glutathione-Sepharose (25 ll). The
beads were subjected to replicate washes, boiled in SDS-sample
buffer and analyzed by tricine–SDS–PAGE [14]. In some experi-
ments, GST-importin b (25 lg) and His-importin a (25 lg) were
used.
2.4. Gel shift assays
Gel shift assays were performed as described previously [15,16].
Tag-free importin a (3.0 lg) was incubated with S100 proteins
(3.0 lg) in a reaction buffer (18 ll; 20 mM Tris-HCl pH 7.5,
0.15 M NaCl, 2 mM dithiothreitol and 250 mM sucrose)
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at room temperature. The reaction mixtures were electrophoresed
on native 10% polyacrylamide gels with the running buffer in the
presence of 1 mM CaCl2 or EDTA and stained with Coomassie Bril-
liant Blue [17].A
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5 mM CaCl2 or EGTA and subjected to immunoprecipitation. Anti-
body resins were prepared by incubating anti-Karyopherin a/Rch1
monoclonal antibody (2 lg; BD Transduction Laboratories), anti-
S100A2 monoclonal antibody (2 lg; Sigma) or mouse IgG (2 lg)
with protein G-Sepharose (30 ll) in phosphate-buffered saline
(PBS). Importin a or S100A2 were immunoprecipitated from theS100A2
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Fig. 3. Effects of the S100 proteins on the importin a-importin b interaction in vitro.
GST-importin b, His-importin a and S100 proteins were mixed with glutathione-
Sepharose. GST pull-down experiments were performed as described in the
Material and Methods. The amounts of proteins are indicated on the top of the
panels. The SDS-PAGE gels were assessed for the effect of the S100 proteins on the
importin a-importin b interaction.cell lysate using the antibody-coated resins. In the ionomycin
treatment experiments, Cos-7 cells were transfected with
pcDNA3-SV40NLS-GFP (2 lg) and pME18S-S100A2 (3 lg) or
pME18S-S100A6 (3 lg). Transfected cells were cultured for two
days and then treated with or without 1 lM ionomycin for
5 min. After the treatment, cells were washed with PBS and col-
lected by centrifugation (800g, 5 min). To separate nuclear and
cytoplasmic protein extracts of the cells, NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (PIERCE) were used according to the
manufacturer’s instructions. After separation, SV40NLS-GFP,
Hsp90 and histone were quantiﬁed by western blotting (WB). Anti-
bodies used for WB were anti-Rch1, anti-S100A2, anti-S100A6
(GenWay), anti-GFP (MBL), anti-Hsp90 (Upstate) and anti-Histone
H1 AE-4 (Upstate).
3. Results and discussion
3.1. Interaction of importin a with S100 proteins
Previously, we demonstrated that S100A2 and S100A6 inter-
acted with the TPR domains of Hop, KLC, Tom70, FKBP52 and
CyP40 in a Ca2+-dependent manner, and led to dissociation of the
TPR-ligand protein interactions in vitro and in vivo [3,4]. Therefore,
we hypothesized that Ca2+ regulates the TPR-ligand protein inter-
actions through S100 proteins. The crystal structure of the TPR do-
main of OGT has remarkable structural similarity to the Arm
repeats of importin a, suggesting that these repeats might have a
similar binding/targeting mechanism in both proteins [8]. There-
fore, we speculated that S100 proteins may interact with Arm re-
peats of importin a and regulate NLS-importin a interactions. To
verify this hypothesis, the physical interaction of S100 proteins
with importin a was examined in vitro.
To study the interaction of S100 proteins with importin a, GST
pull-down assays were performed in the presence of 1 mM CaCl2 or
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Fig. 4. Effects of the S100 proteins on the NLS-importin a-interactions in vitro. GST-
importin a, S100 proteins and His-SV40NLS-GFP, NPM2 or NPM1 was mixed with
glutathione-Sepharose as described in the Materials and Methods. The amounts of
proteins are indicated on the top of the panels. The SDS-PAGE gels were assessed for
the effect of the S100 proteins on the importin a-SV40NLS-GFP (A), importin a-
NPM2 (B), or importin a-NPM1 (C) interactions.
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S100 proteins, strongly bound to GST-importin a in the presence
of Ca2+. To conﬁrm the pull-down experiments, we employed a
non-denaturing gel shift assay previously used for CaM binding
proteins [17] (Fig. 1B and C). A mixture of S100A6 with importin
a, in the presence of Ca2+, demonstrated a new band of retarded
mobility, indicating a direct binding of the two proteins (Fig. 1C).
S100A2 also bound to importin a and formed a complex with re-
tarded mobility (Fig. 1B). In contrast to S100A6, some protein re-
mained at the position of the free S100A2 on the gel. These
results indicated that S100A2 and S100A6 were able to bind to
importin a directly and suggested that S100A6 has a higher afﬁnity
for importin a than S100A2. To further conﬁrm the interaction of
importin awith S100A2 and S100A6 in cultured cells, co-immuno-
precipitation experiments were performed with Cos-7 lysates,
which contained endogenous importin a and S100A6 [4]. For the
detection of S100A2/importin a complex formation, Cos-7 cells
were transiently transfected with the plasmid expressing
S100A2. When the cell lysates were subjected to immunoprecipita-
tion with anti-Rch1 (importin a) monoclonal antibody, endoge-
nous importin a was precipitated in the presence of either Ca2+
or EGTA (Fig. 1D and F). In the presence of Ca2+, both S100A2 and
S100A6 were co-precipitated with endogenous importin a. Small
amounts of S100A2 and S100A6 were nonspeciﬁcally precipitated
with control IgG. To verify the interaction, we performed reciprocal
experiments using anti-S100A2 antibody, which recognized Ca2+-
bound form of S100A2 (not Ca2+-free form). When S100A2 was
precipitated with the antibody in the presence of Ca2+, endogenous
importin awas co-precipitated with S100A2 (Fig. 1E). Since appro-
priate anti-S100A6 antibody for immunoprecipitation was not
available, we did not perform the reverse co-immunoprecipitation
experiment using S100A6 antibody. These results demonstrate that
S100A2 and S100A6 bind to importin a in a Ca2+-dependent man-
ner in cultured cells.
3.2. Interaction sites for S100A2 and S100A6 are located in both the
IBB and Arm domains of importin a
The domain structures of importin a are shown in Fig. 2A.
Importin a consists of two structural and functional domains, a
short basic N-terminal importin b binding (IBB) domain and a
large NLS-binding domain built of Arm repeats [9]. To determine
the S100 binding site of importin a, three truncation mutants
(IBB, DIBB and Arm) of importin a were prepared and assessed
for their interaction with S100 proteins. S100A2 (Fig. 2B) and
S100A6 (Fig. 2C) bound to both IBB and Arm domains of importin
a.
3.3. The effects of S100 proteins on the importin a-importin b
interaction in vitro
The IBB domain of importin a was sufﬁcient for binding to
importin b and essential for nuclear protein import [9–11].
S100A2 and S100A6 bound to the IBB domain of importin a
(Fig. 2B and C), as well as the Arm domain. We therefore, investi-
gated the effects of the S100 proteins on the importin a-importin
b interaction with a GST pull-down approach. To estimate the dis-
placement effect of the S100 proteins, various amounts of the S100
proteins were used (0, 50, 100 lg). Although S100A2 and S100A6
bound to the IBB domain, importin b binding to importin a was
not inhibited by the addition of the S100 proteins (Fig. 3). As a con-
trol experiment, S100B neither bound to importin a, nor affected
the importin a–importin b interaction (Figs. 1A and 3). According
to these results, we speculate that the binding sites of S100 pro-
teins within the IBB domain might be different from that of impor-
tin b.3.4. Effects of S100 proteins on theNLS-importin a interactions in vitro
The Arm domain of importin a is well known as an adaptor that
links to NLS cargos [9]. These conventional NLS proteins are typi-
ﬁed by either a single cluster of basic amino acids (monopartite
NLS) or two clusters of basic amino acids separated by a 10–12
amino acid linker (bipartite). The NLSs of SV40 large-T antigen
and NPM2 are the prototypic mono- and bipartite-NLSs.
Since S100A2 and S100A6 bound to the Arm domain of importin
a (Fig. 2B and C), we tested the effects of the S100 proteins on the
NLS-importin a interactions (Fig. 3). Tricine–SDS–PAGE gels dem-
onstrate the displacement effect of S100 proteins on the importin
a-His-SV40NLS-GFP interaction (Fig. 4A). S100A6 inhibited the
His-SV40NLS-GFP binding to GST-importin a, but S100A2 did not
inhibit the interaction. S100A6 also effectively disrupted the
importin a-NPM2 interaction, while S100A2 exerted slight inhibi-
tory effects (Fig. 4B). To further conﬁrm the effect of S100 proteins
on the NLS-importin a interaction, we examined the mammalian
bipartite NLS protein, NPM1, which also contained nuclear export
and nucleolar localization signals [18]. S100A6 proteins disrupted
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Fig. 5. Interaction of importin a point mutants with NLS-bearing proteins and S100 proteins. GST-NA mutants (A) or WA mutants (B) were mixed with NLS-bearing proteins
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(B). The transfected components of each dish are indicated on the top panels. The transfected Cos-7 cells were treated with (+) or without () 1 lM ionomycin for 5 min. The
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4522 M. Takata et al. / FEBS Letters 584 (2010) 4517–4523the importin a-NPM1 interaction (Fig. 4C). S100A2 exerted a slight
inhibition. These results were similar to the results of the importin
a-NPM2 interaction. S100B and S100A12 neither bound to GST-
importin a (Fig. 1A) nor inhibited NLS binding to importin a
(Fig. 4A, B, and C). These results suggested that S100A6 interacted
with importin a, resulting in inhibition of the NLS-importin a
interactions.
3.5. Interaction of S100A2 and S100A6 with importin a point mutants
Conti et al. reported that importin a typically contains the
conserved tryptophan-asparagine array that is crucial for bindingto NLS cargo [19]. To further explore the interaction between
importin a and S100 proteins, we investigated whether the bind-
ing sites of S100 proteins to importin a coincides with the bind-
ing sites of NLSs. In all cases, NLS binding at the major site in Arm
repeat 2–4 involves insertion of side chains between a series of
tryptophan residues (W142, W184, W273) on importin a, com-
plemented by H-bonds between key asparagine residues (N146,
N188, N235) and the NLS main-chain peptides [20,21]. The tryp-
tophan residues (W357, W399) and the asparagine residues
(N361, N403) also played a signiﬁcant role in the minor site in
Arm repeat 7–8. We performed GST pull-down assays using
importin a point mutants with asparagine and tryptophan
M. Takata et al. / FEBS Letters 584 (2010) 4517–4523 4523residues in the Arm domain mutated to alanine. The single point
mutations in importin a were: W142A, N146A, W184A, N188A,
W231A, N235A, W357A, N361A, W399A and N403A. His-
SV40NLS-GFP did not bind to the NA mutants (Fig. 5A–1) and
the WA mutants (Fig. 5B–1) except for W357A and W399A.
NPM2 binding was decreased in the NA and WA mutants
(Fig. 5A-1 and B-1). NPM2 did not bind to W184A, N188A,
W357A and N361A mutants at all. In contrast, S100A2 and
S100A6 equally bound to all the mutants (Fig. 5A2-3 and B2-3).
These results suggest that the binding sites of S100 proteins on
importin a might be different from that of NLS.
3.6. Effect of S100A6 on the nuclear import of SV40NLS in cultured cells
Cos-7 cells were transfected with the plasmid expressing
SV40NLS-GFP with or without S100A2 and S100A6. To examine
the effect of the S100 proteins on the nuclear import of
SV40NLS-GFP in cultured cells, we analyzed subcellular localiza-
tion of SV40NLS-GFP in cells exposed to ionomycin stimulation
using WB (Fig. 6). In the SV40NLS-GFP transfected cells and
SV40NLS-GFP /S100A2 double-transfected cells, the level of
SV40NLS-GFP in the nuclear and cytoplasmic fractions was not al-
tered by ionomycin treatment. These data are consistent with the
displacement experiments of S100A2 (Fig. 4B). When the
SV40NLS-GFP/S100A6 double-transfected cells were stimulated
with ionomycin for 5 min, the amount of SV40NLS-GFP in the nu-
clear fraction was greatly decreased as compared with untreated
cells (Fig. 6B). These data are consistent with the assumption that
the importin a-SV40NLS interaction is impaired by S100A6,
resulting in the inhibition of the nuclear translocation of
SV40NLS.
We have attempted to identify the S100 target proteins and
understand the physiological roles of S100 proteins. Recent our
works have raised the possibility that Ca2+/S100 proteins bind to
TPR motifs and regulate the interactions between TPR-bearing pro-
tein and their ligands. In this paper, we have identiﬁed importin a,
a typical Arm-bearing protein, as a novel target of S100 proteins.
We have revealed that Ca2+/S100A6 inhibits the importin a-NLS
cargo interactions. Typically, S100A6 inhibits the importin a-
SV40NLS interaction, resulting in the inhibition of SV40NLS nuclear
import. Our data suggest that Ca2+ might regulate the nuclear
transport of NLS-cargos through S100 proteins. In conclusion, these
ﬁndings also suggest the novel molecular mechanism that Ca2+/
S100 proteins regulate the interaction between Arm-bearing pro-
teins and their targets.Acknowledgment
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